Pears are highly perishable products, especially during the post-harvest phase, when considerable losses can occur. Among the fungal diseases, blue mould caused by Penicillium expansum, grey mould caused by Botrytis cinerea, Mucor rot caused by Mucor piriformis are common on pear fruits. Other (weak) pathogens like Phialophora malorum, Alternaria spp., and Cladosporium herbarum tend to infect wounds and senescent fruits. A post-harvest fungicide treatment can reduce decay but effectiveness decreases with the appearance of resistant strains. There is a clear need to develop new and alternative methods of controlling post-harvest diseases. The emerging technologies for the control of post-harvest fungal diseases are essentially threefold: application of antagonistic microorganisms, application of natural antimicrobial substances and application of sanitizing products. Two biological control products, Aspire (Candida oleophila I-182) (Ecogen, Langhorne, PA, USA) and Bio-Save 110 (Pseudomonas syringae) (EcoScience, Worcester, MA, USA; formerly Bio-Save 11) are currently registered in the USA for post-harvest application to pears. Other potential biocontrol agents have been isolated from fruit and shown to suppress post-harvest decay in pear.
It is important that evaluation of these microorganisms be carried out in a product formulation because the formulation may improve or diminish antagonistic efficacy depending on the concentration of chemical product and the duration of exposure to the treatment. Plants produce a large number of secondary metabolites with antimicrobial effects on post-harvest pathogens. Detailed studies have been conducted on aromatic compounds, essential oils, volatile substances and isothiocyanates, with encouraging results. In particular, allyl-isothiocyanate used as a volatile substance, controls blue mould in ÔConferenceÕ and ÔKaiserÕ pears inoculated with a thiabendazole-resistant strain. Sanitizing products such as chlorine dioxide, peracetic acid and ozone have considerable fungicidal activity against P. expansum and M. piriformis, depending on the concentration of chemical product and the duration of exposure to the treatment. Sanitizing solutions can be integrated easily with current handling and storage practices; however, further research is required to define the effective procedures better.
INTRODUCTION
China is the biggest producer of Asian pears (Pyrus pyrifolia, P. ussuriensis etc.) with about 56 millions tonnes, Italy is the biggest producer of European pears Pyrus communis, followed by United States, Spain, and Turkey (Malagoli et al., 1997) . Bartlett (or William), Passe Crassane, Abate Fetel, Conference, Bosc (or Kaiser), Jules Guyot and Comice are the principal cultivars (Wrolstad et al., 2000) . In Europe pears are harvested in summer until the end of September and summer pears like Barlett may be stored in regular atmosphere for a short period of time, while winter pears such as Conference are stored in controlled atmosphere for up to 9 months.
Pear storage life depends on factors like cultivar, harvest timing, source, growing season climate and nutritional conditions. Despite variability decay continues to be one of the most serious challenges facing the pear industry. Even a small loss can be very expensive because of the accumulated cost of growing, harvesting and storing these high value commodities (Janisiewicz, 1996) .
Post-harvest disease losses in pears are mainly caused by Penicillium expansum Link (blue mould), Botrytis cinerea (Pers.: (grey mould), Mucor piriformis Fischer (Mucor rot), and Neofabraea malicorticis ex Pezicula malicorticis (Jacks.) Nannfeld (bull's-eye rot) (Pierson et al., 1971) . While Phialophora malorum (Kidd. and Beaum.) McCulloch (side rot), Alternaria spp. and Cladosporium herbarum (Pers.: Fr.) Link are weak pathogen infecting especially senescent fruit. In Italy and Spain, blue mould causes extensive decay and several years after the introduction of benzimidazole fungicides, resistant isolates of P. expansum were reported. The resistance spreads rapidly because of the intense selection pressure of fungicide residues on treated fruits (Vinas et al., 1991) . Fungal propagules are present in soil debris adhering to harvest bins and when bins are dipped or drenched in solutions of scald inhibitors before storage, they are removed and easily enter in fruit wounds (Spotts and Cervantes, 1992) . Side rot is a major problem in the southern Oregon fruit industry, decay is a key factor that limits the long-term storage of ÔBoscÕ pear, because the pathogen is not sensitive to benzimidazole fungicides (Sugar and Powers, 1986) . Previously, Mucor spp. were a postharvest pathogen of relatively minor importance, but in the recent years, they have caused serious decay in pears (Michailides and Spotts, 1990) . In Europe Mucor spp. have been reported to cause rot of pear fruits only occasionally (Mari et al., 2000) .
Control of post-harvest pathogens still relies mainly on the use of synthetic fungicides, but the development of fungicide-resistant strains, public demand to reduce the use of pesticides, as well as the appearance of diseases which are increased in their severity by the use of specific chemical product (iatrogenic diseases) has stimulated the search for alternative control strategies (Griffiths, 1981; Wilson et al., 1993) .
The post-harvest phase is suited to the application of biological control methods (Mari and Guizzardi, 1998) . In a controlled storage environment, parameters such as temperature, relative humidity and gas composition are stable, and the direct contact between the biological agent and pathogen improves biocontrol (Wilson and Pusey, 1985) , as well as the absence of damaging UV radiation (Leben et al., 1965) .
EMERGING TECHNOLOGIES
At present, there are three emerging non-conventional technologies for the control of post-harvest fungal pear diseases: application of antagonist microorganisms, natural antimicrobial substances and sanitizing products.
Antagonist microorganisms
During the past decade microorganisms (bacteria, yeasts and fungi) effective against post-harvest diseases have gained considerable attention and achieved a practical application (Janisiewicz and Marchi, 1992; Chand-Goyal and Spotts, 1996; Sugar and Spotts, 1999) . The common mechanism of biocontrol among antagonists appears to be competition for nutrients and space (Mari et al., 1996b) , but other mechanisms may also be involved including production of anti-fungal metabolites (Janisiewicz et al., 1991) , direct parasitism, and induced resistance sometimes associated with reduction of pathogen enzyme activity (Zimad et al., 1996) . More than one mechanism was found to be implicated in biological control, but in no case, is a sole mechanism involved. Competition for nutrients and space seems to play a major role, however appropriate methods are lacking to separate the various action mechanisms (Janisiewicz and Korsten, 2002) . Promising results are expected by biological sensors (Lindow et al., 2001 ) and cylinder-well tests to study antagonist-pathogen interactions (Janisiewicz et al., 2000) .
The use of antibiotic-producing bacteria has been abandoned (Wisniewski and Wilson, 1992) , and the use of yeasts and non-antibiotic-producing bacteria as antagonists appears to be quite promising, although the mechanism has not yet been fully explored. Aspire (Ecogen, Langhorne, PA, USA), which contains the yeast Candida oleophila, strain I-182 (Hofstein et al., 1994) and Bio-Save 110 (EcoScience, Worcester, MA, USA; formerly Bio-Save 11), which contains a saprophytic strain of the bacterium Pseudomonas syringae (Janisiewicz and Marchi, 1992) are two formulated biological products currently registered for post-harvest application to pears. Both of them, tested in laboratory trials for 2 years against an isolate of P. expansum strain, gave inconsistent control (Sugar and Spotts, 1999) . Better control was achieved with other yeasts not yet formulated: C. laurentii HRA5, Rhodotorula glutinis HRB6 and Cryptococcus infirmo-miniatus YY6, which demonstrated excellent potential as biocontrol agents for blue mould on pears. Biocontrol agent formulation is very important and the evaluation of these species in a suitable formulation is essential to predict their commercial performance. Lyophilized inocula of Erwinia amylovora and two bacterial antagonists of E. amylovora were more effective in colonizing pear flowers than bacteria harvested from actively growing cultures (Stockwell et al., 1998) . Janisiewicz and Jeffers (1997) reported the best results on apples, where a fresh cell preparation of P. syringae, at a concentration of 10 8 CFU ml
, was effective against P. expansum and B. cinerea, while the same result on pears was reached with a higher concentration (1AE8 · 10 9 CFU ml )1 ) (W.J. Janisiewicz, unpublished) . A higher dosage of antagonist is needed for pear to give the same control level than apple, perhaps pear tissue is a medium where the antagonist does not find sufficient nutrients to grow and compete with the pathogen.
The degree of control obtained by these microorganisms alone is often not satisfactory, so the addition of additives or chemical fungicides at low rates can enhance biocontrol activity and reduce the population of antagonist required to achieve effective control (McLaughlin et al., 1990) .
Strains of Bacillus amyloliquefaciens mixed with iprodione fungicide at 50 ppm a.i. gave greater control of grey mould than either treatment alone (Mari et al., 1996b) . Similar results were obtained by combining yeasts with a low dose of thiabendazole (TBZ); the mixture gave significantly better blue mould control than the low dose of TBZ alone and was comparable with the disease control achieved using a high dose of TBZ. Using this approach, the application levels of fungicide can be reduced while still achieving excellent control of blue mould (Chand-Goyal and Spotts, 1996) .
Chemical treatment with sugar analogues, calcium chloride or exposure to high carbon dioxide atmospheres (12% for 4-6 weeks) reduced disease severity caused by a fungal pathogen of pears when integrated with antagonist yeast treatments (Janisiewicz, 1994; Sugar et al., 1994; Benbow and Sugar, 1997) . Moreover, for biological control to be effective, use of antagonists must be compatible with current handling and storage practices, such as low temperature, wax coating, antioxidant treatments and ultra low oxygen storage. Atmospheres of £2% oxygen often have adverse effects on microorganisms (Spotts, 1984) .
Natural substances
In recent years, interest in natural substances has increased and numerous studies on the biocidal activity of a wide range of secondary metabolites have been reported. Among these, several essential oils, aromatic compounds and hydrolytic reaction products produced by various genera are biologically active. Marked fungicidal action was obtained with carvacrol against M. piriformis at 125 lg ml )1 while p-anisaldehyde stopped mycelial growth of P. expansum at 1000 lg ml )1 . The monoterpene hydrocarbons (±)-a-pinene, (+)-limonene and myrcene gave poor results (Caccioni and Guizzardi, 1994) . Variations in the fungicidal action of the compounds seem to depend on solubility as well as on the capacity to interact with the cytoplasmic membrane (Knobloch et al., 1988) .
Volatile compounds from plants can both inhibit and stimulate fungal growth and/or spore formation and germination. Certain volatile components produced by fruits, like apples and pears, during ripening show antifungal activity, e.g. acetaldehyde has been found to be effective in post-harvest control of P. expansum .
Fruit can be managed to promote the atmospheric accumulation of these compounds in storage. Shaw (1969) indicated that the resistance of fruit to rot in high-CO 2 storage was due to the production of high levels of acetaldehyde and ethyl acetate by the fruit in response to these conditions. Moreover the compounds can be artificially added by fumigation in cold storage or in active packaging.
Among the numerous natural substances with potential antimicrobial activity are the glucosinolates, a large class of approximately 100 compounds produced by the Cruciferae, with well-documented activity (Fenwick et al., 1983) . When the cells of plants which metabolize these compounds are damaged, the glucosinolates come into contact with the enzyme myrosinase, also widely present in Cruciferae. Myrosinase catalyses the hydrolysis of glucosinolates, producing D D-glucose, sulfate ion and a series of compounds such as isothiocyanate (ITC), thiocyanate and nitrile, depending on the substrate and the reaction conditions, the most important being pH. The antifungal activity of six glucosinolates has been tested on several post-harvest pathogens, both in vitro (Mari et al., 1993) and in vivo (Mari et al., 1996a) , with encouraging results. In particular, glucoraphenine ITC was active against Monilinia laxa in artificially inoculated ÔConferenceÕ and ÔKaiserÕ pears. Allylisothiocyanate (AITC), a naturally occurring flavour compound in mustard and horseradish, has a well-documented antimicrobial activity (Isshiki et al., 1992; Delaquis and Mazza, 1995) . This volatile substance can be employed successfully in modified atmosphere packaging or as a gaseous treatment before storage. Exposure of pear fruit for 24 h at room temperature to an AITC-enriched atmosphere resulted in good control of blue mould, including a TBZ-resistant strain on ÔConferenceÕ and ÔKaiserÕ pears (Mari et al., 2002) . The use of AITC, produced from purified sinigrin or from Brassica juncea defatted meal, against P. expansum appears very promising as an economically viable alternative with moderately low impact on the environment.
The potential use of volatile fungicides to control postharvest diseases requires a detailed examination of their biological activity and dispersion in fruit tissues and the development of a formula which inhibits growth of pathogens without producing phytotoxic effects on fruits.
Sanitizing products
Most decay-causing fungi on pear survive and multiply in the orchard and are found at the top inch of soil or on orchard debris (Sholberg and Owen, 1987) . The spores are spread by rain, irrigation water, dirt, debris, and wind to the surface of fruit and to harvest bins. Use of a water immersion dump is the preferred method to float pears out of field bins, but use of water as a handling medium spreads inoculum from soil debris and diseased fruits to healthy fruits (Sugar and Spotts, 1993) . Moreover, the practice of dipping or drenching fruits with solutions containing scald inhibitors before storage can foster decay (Spotts et al., 1988) . P. expansum, B. cinerea, and M. piriformis are wound pathogens that can easily penetrate into fruits through macro-and micro-wounds inflicted during harvest or during handling before storage (Spotts et al., 1998) . In Italy, because resistance to TBZ fungicide in P. expansum is considered to be almost 90% (Mari, unpublished data) , TBZ treatments in dump tanks to control blue mould have been abandoned. Pear packing-lines where fruits float in recirculating water require sanitization of both fruit surface and water, thus sanitization must take a more prominent position in disease management (Roberts and Reymond, 1994) .
The effectiveness of chlorine in decay prevention has been known for some time (Baker and Heald, 1932) . In dumptank water, chlorine can be obtained by adding chlorine gas, sodium hypochlorite liquid or dry calcium hypochlorite. Chlorine gas is the least expensive of these sources and is usually used in larger operations with automatic chlorine and pH-monitoring and control systems, as organic matter in the water ties up chlorine, making it unavailable for disinfection. For this reason, chlorine dioxide (ClO 2 ) is usually preferable, because it is more stable than chlorine and is not corrosive. Two different reactions are used to generate chlorine dioxide: reacting sodium chlorite with chlorine gas, or reacting an acid with sodium chlorite. The two products are metered together and allowed to react for a few minutes before being diluted with water in the dump tank. Spotts and Peters (1980) found that ClO 2 at 10 lg ml )1 effectively reduced conidial germination of all decay fungi tested after treatment for 0AE5 min. Chlorine dioxide only kills by contact, not systemically, and is effective only on exposed fungal propagules, such as those suspended in water or on the surface of fruit. It does not kill pathogens under the fruit skin or active infections. Chlorine dioxide can be difficult to use indoors because when a treated water stream is agitated or aerated, some of the ClO 2 comes out of solution and enters the atmosphere. There is a permissible exposure level of 0AE1 lg ml )1 in the air, but workers will respond to the odour before that level is reached. In USA, for this reason the recommended rate for indoor applications is 1 lg ml )1 or less (Apel, 1993) . Moreover the level of chlorine used for commercial control of fungal pathogens appears too costly for use in Oregon apple and pear packing-houses (Spotts and Peters, 1980) . Limited data are available on the effects of peracetic acid (PAA) for control of post-harvest fruit decay. Peracetic acid has been tested on tomatoes and degreened oranges with contradicting results, but on stone fruits, against M. laxa, PAA (250 lg ml )1 ), it significantly reduced brown rot after conidia were exposed for 2 min (Mari et al., 1999) . On pears, application of PAA at 1000 lg ml )1 reduced Penicillium rot, over 80% after conidia where exposed for 10 min. In addition encouraging results were also achieved against M. piriformis at 500 lg ml )1 (Mari, unpublished data) . Peracetic acid has greater stability, faster biocidal properties, is not pH dependent and is less toxic than ClO 2 , and the problems associated with corrosiveness could be reduced by use of commercial formulations containing a lower concentration of PAA and no sulphuric acid, making it suitable for use with stainless-steel equipment. Although sanitizing products, unlike a fungicidal treatment, can be used only to reduce inoculum in dump tank water, their use could be combined with alternative control methods like antagonists.
An alternative to chlorine products or PAA is ozone, a bluish, water-soluble gas. It is a stronger oxidant than hypochlorous acid and has been used to disinfect drinking water since 1893 (Rice et al., 1981) . Spotts and Cervantes (1992) found that the germination of spores of three common decay fungi (B. cinerea, P. expansum and M. piriformis) was inhibited by treatment with ozonated water, even if the concentrations required to kill fungal spores were considerably higher than the levels used to inactivate bacteria and virus. LD 95 s ranged from 0AE99 to 0AE39 lg of ozone per millilitre of water with a treatment of 5 min at 20°C. Like chlorine, ozone reacts rapidly with organic matter and its activity is affected by the pH of the solution.
CONCLUSION
Alternative methods for pear decay control have been studied and tested with encouraging results. It is clear, however, that none of the methods proposed is capable, for the time being, of giving a level of control comparable with that obtained using synthetic fungicides (El-Ghaouth and Wilson, 1995) . Attempts to improve the fitness of antagonists with integrated methods such as low dosage of fungicide or sanitizing products are promising. One of the most important aspects for the success of biological control with living cells is the formulation. Formulated antagonist products developed for commercial application can be less effective than laboratory-grown cells. Formulation may improve or diminish efficacy. Moreover, the potential of biological control with microorganisms depends on their effectiveness and compatibility with current handling and storage practices. It is equally important to determine how the interaction between antagonist-pathogen-host and environment can be manipulated to favour antagonistic activity of the agents introduced.
Little is known about the fate of natural products in the environment, in foods, or in biological systems, including animals and humans (Delaquis and Mazza, 1995) . The intense sensory attributes of some of these compounds (e.g. ITC) may be an impediment to their use in fresh commodities. A better understanding of the mode of action and detailed toxicological studies will be needed to enhance their activity, and to establish their safety. Much contradictory data on the mutagenic properties of AITC and other ITCs has been reported (Musk and Johnson, 1993) . In addition, more recent research indicates that some ITCs may also have beneficial functions in human nutrition as they can inhibit chemicals responsible for tumour formation (Caraway, 1992) . In Japan, synthetic AITC is registered as a food additive and preliminary data show that food preserved with AITC vapour contains a very low residue of this compound (Isshiki et al., 1992) . A debate is in progress on the comparative safety of synthetic and natural pesticides. The latter are considered more readily degradable in the environment by microorganisms and photo-decomposition, but more research is needed (Arul, 1994) .
A characteristic common to several biological control systems is the decreased efficacy of biological treatments as the pathogen inoculum concentration increases. A reduction in pathogen concentration could improve biological control systems. Sanitizing products like Cl 2 , ClO 2 , PAA or ozone can be used to reduce inoculum in both aqueous and hardsurface environments.
Although the alternatives proposed have been shown to reduce post-harvest pear diseases, the combination of complementary biological techniques for additional and/or synergistic effects could improve the efficacy of biological control.
